Hypertrophic scars (HTS) are a pathologic reaction of the skin and soft tissue to burn or other traumatic injury. Scar tissue can cause patients serious functional and cosmetic issues. Scar management strategies, specifically scar assessment techniques, are vital to improve clinical outcome. To date, no entirely objective method for scar assessment has been embraced by the medical community. In this study, we introduce for the first time, a novel polarized multispectral imaging system combining out-of-plane Stokes polarimetry and Spatial Frequency Domain Imaging (SFDI). This imaging system enables us to assess the pathophysiology (hemoglobin, blood oxygenation, water, and melanin) and structural features (cellularity and roughness) of HTS. To apply the proposed technique in an in vivo experiment, dermal wounds were created in a porcine model and allowed to form into scars. The developed scars were then measured at various time points using the imaging system. Results showed a good agreement with clinical Vancouver Scar Scale assessment and histological examinations.
Introduction
A scar is an aberrant response to injury such as trauma, surgery, or burn. The normal balance of collagen synthesis and degradation seen in uninjured skin appear to be disrupted in scar formation, as is the normal ratio of collagen I/III [1] . Thus, the processes of fibrosis and scar formation do not appear to regenerate skin and soft tissue similarly to the homeostasis maintained uninjured skin. Scar therapies aim to prevent the pathologic characteristics of fibrosis and when already formed, to treat these issues, making scar more similar to uninjured skin. Knowledge of the biology and processes of normal wound healing is important to understand and target the pathologic mechanisms of scars. Wound healing is generally thought of in three separate phases: 1) inflammatory, 2) fibroproliferative, and 3) remodeling [2] [3] [4] (Fig. 1 ). Scar formation generally begins during the fibroproliferative phase of wound healing with further maturation occurring during the remodeling phase. Despite ongoing research, hypertrophic scars are still relatively poorly understood and continue to be a devastating morbidity following injury, particularly thermal trauma. Their prevalence following burn injury is reported to be as high as 67% [5] . When scar forms contracture, it often leads to significant impairment in function and inhibits patients from returning to work, participating in leisure activities, and may even render them less able to care for themselves. Additionally, patients with hypertrophic scars can suffer great psychosocial setbacks due to their disfigured appearances [6] .
Scars are commonly evaluated by clinicians using the Vancouver Scar Scale (VSS). The VSS, though imperfect, is one of the most widely used clinical scar assessment tools. It was introduced in the nineties and relies on a clinician's subjective evaluation of scar pliability, height, vascularity, and pigmentation [7, 8] . Other scaling protocols exist and are used to subjectively characterize scars [9] . The Visual Analog Scale (VAS) is a photo-based scale which includes many of the parameters of the VSS in addition to contour and observer acceptability. The Patient and Observer Scar Assessment Scale (POSAS) incorporates patient symptoms of pain and pruritus as well as information captured by the VSS. The Manchester Scar Scale (MSS) assesses additional parameters including texture, skin margins, and size. Finally, the Stony Brook Scar Evaluation Scale (SBSES) which is specifically designed to assess short-term wound repair outcomes, evaluates parameters such as width, height, color, and appearance of suture or staple marks.
While there are a multitude of subjective scales to assess and catalog wound and scar quality, there remains a continued need for more reliable, objective techniques to diagnose and qualify scar development. This is underscored by the fact that greater than 30% of the respondents to a survey by the American Burn Association's Rehabilitation Committee regarding pertinent research needs in burn care indicated that scar management was a high priority [10] . Several investigative groups have been developing innovative scar evaluation techniques; Khorasani et al have used confocal microscopy for scar indexing based on collagen structure [11] . Pierce et al have developed an optical coherence tomography (OCT)based system to study collagen structure, birefringence, and blood flow in scars [12] . Other groups have applied polarization-sensitive methods to perform collagen architectural analysis and scar imaging [13, 14] . Other objective methods, such as laser scattering and multi-photon microscopy, have been described as tools for studying the orientation and alignment of collagen fibers [15] [16] [17] [18] [19] [20] . Digital imaging is applied to measure concentration change of hemoglobin and melanin, and also 3D reconstruction of vascular pattern in scared tissue [21] [22] [23] . Draaijers et al used spectral reflectance to measure the degree of vascularity and pigmentation of scars [24] . Laser Doppler imaging (LDI) and laser speckle imaging have also been employed for scar blood perfusion assessment [25, 26] . Finally Bloemen et al. [27] devised a method to monitor surface roughness in skin and applied it to the study of wrinkles and scars.
The ultimate goal of this work was to develop an imaging system to quantify scar quality based on the relatively similar metrics used in the VSS as well as newer scales [28] [29] [30] . The device consists of a polarized multispectral imaging apparatus combining out-of-plane Stokes polarimetry and Spatial Frequency Domain Imaging (SFDI). An off-the-shelf LDI system supplemented the imaging techniques used in this study. As shown in Table 1 with one system we are able to monitor several of the metrics of interest, and we believe ours is the first system capable to do so. This newly developed method could ultimately lead to improved characterization, potentially leading to additional treatment options for hypertrophic scar. 
Materials and methods

The polarized multispectral imaging system
This novel spectral imaging system was designed based on two different imaging modalities: out-of-plane Stokes polarimetry and SFDI (The first generation of the Stokes polarimeter was introduced in [31] .). All components of the polarized multispectral imaging system were positioned around a custom-machined hemispherical shell, which was connected to a supporting structure via an adjustable arm. The hemispherical shell provided multi-angle outof-plane measurements without the use of moving parts, and acted as a support for components of the imaging arm as well as SFDI light projection components. Figure 2 illustrates a side-view of the system geometry, showing an illumination tube, the spectropolarimeter, and SFDI projection assembly. The system is composed of a Stokes imaging polarimeter with a 10-bit digital charge-coupled device (CCD) camera (Dalsa Genie, Billerica, MA) fixed at one scattering angle θ s = 49 degrees, which has been found optimal for the measurement of surface roughness [32] . Additionally, nine illumination tubes centered at θ i = 49 degrees are evenly distributed around the hemisphere. The choice of polar incidence angles was made simply by attempting to cover the hemisphere with the illumination ports, imaging arm and SFDI projection components. Each illumination tube contains a high performance white light-emitting diode (Cree, Durham, NC) followed by a polarizer (P 1 in Fig. 2 ) (Edmund Optics, Barrington, NJ), and a lens (l 1 in Fig. 2 ) (Edmund Optics, Barrington, NJ). Each illumination tube creates a semi-collimated 2 cm diameter beam with a fluence rate of approximately 2 Wcm −2 . Each light source is equipped with a built-in driver, which is controlled with a data acquisition module (DAQ) (National Instruments Corporation, Austin, TX). The spectro-polarimetric component of the system consists of two nematic liquid crystals variable retarders (LCR 1 and LCR 2 in Fig. 2 ) (Meadowlark Optics Inc., Frederick, CO), followed by a liquid crystal tunable filter (LCTF) (Meadowlark Optics Inc., Frederick, CO) with a built-in vertical polarizer (P 2 in Fig. 2 ). A LCTF was chosen instead of a filter wheel in order to give the system maximum versatility. The LCTF has a set range (450 to 700 nm with the full width at half maximum (FWHM) of 7 nm.
Because the sample plane is not parallel to the CCD plane (l 2 plane in Fig. 2 ), the image is only in focus along a line with coinciding sample and camera focal planes. This issue is rectified by tilting the camera relative to the lens with the angle of θ s /2 based on the Scheimpflug principle [33] . The out-of-plane scattering geometry is illustrated in Fig. 3 , where θ i and θ s are the incident and scattering angles, respectively, and φ i is the incident azimuth angle. The out-ofplane Stokes polarimetry provides metrics sensitive to the surface roughness of a sample. Previous work has shown that backscattering of light due to roughness of a sample can be enhanced using the principal angle of polarization, η [31]:
where u and q are the Stokes vector components, S = [i q u v]. Fig. 3 . The geometry of out-of-plane scattering; θ i is the incident polar angle, θ s is the scattered polar angle, and φ i is the incident azimuth angle.
SFDI [34] is a technique based on modulated illumination for the extrapolation of optical properties (μ a , μ s ') from a homogenous diffusive object, although recently extension to layered structures has been attempted [35] . In this work three two-dimensional sinusoidal patterns at different phases (0, 2π/3, 4π/3 radians) and specific spatial frequency were imposed on the sample and reflected light was captured using a camera. To determine optical properties of the sample at any wavelength of interest, the same set of three measurements on standard phantoms with known optical properties were provided with the same setup. Twodimensional maps of absorption, μ a , and reduced scattering coefficients, μ s ' , were reconstructed by applying the SFDI algorithm on the captured images, pixel by pixel. In this work the sample is treated as a single layered homogenous medium; this assumption has been made by other investigators [34] and it is appropriate for the shallow penetration depth used. The absorption coefficient maps at different wavelengths of interest were used to estimate the 
Where μ a is the total absorption coefficient, B is blood content, S is oxygen saturation, M is melanin content, W is water content, and C is a parameter used to mimic the spurious background absorption of tissue, which is generally close to 0. μ aHb , μ aHbO2 , μ aMel and μ aWater are tabulated values of absorption coefficients of hemoglobin, oxyhemoglobin, melanin and water, respectively. A least-square fitting algorithm based on the Nelder-Mead simplex minimization method [36] was applied to the above equation to extrapolate the volume fraction of the various tissue chromophores. The reduced scattering coefficient maps were also analyzed to interpret the cellularity of examined tissue. As shown in Fig. 2 , the SFDI imaging system was constructed as follows: a 200 ANSI Lumens DLP (Digital Light Processing) projector (ASUS P1 LED Projector) followed by a polarizer (P 3 in Fig. 2 ) (Edmund Optics, Barrington, NJ) and a lens (l 3 in Fig. 2 ) (Thorlabs, Newton, NJ) were added to the illumination port just above the hemispherical shell with normal direction to the sample. Specular reflectance from the sample was eliminated by adjusting the polarizer in front of the DLP projector (P 3 in Fig. 2 ) at 90 degrees with respect to the LCTF polarizer, (P 2 in Fig. 2 ). The imaging system for both modalities consists of a spectro-polarimeter and a fast acquisition CCD camera attached to a zoom lens (l 2 in Fig. 2 ) (Computar, Commack, NY). While utilizing SFDI, the effect of LCR cells was nulled to set zero retardance programmatically.
In this study, SFDI was run for 17 different wavelengths: 445, 500, 510, 529, 541, 545, 556, 560, 570, 577, 584, 588, 596, 620, 632, 650, and 670 nm. The range of porcine skin's optical properties at visible spectral range is reported by other groups: μ a = 0.06~0.2 mm −1 and μ s ' = 1.0~2.5 mm −1 [37, 38] . A value of spatial frequency f x = 1/3 mm −1 was chosen to obtain relatively shallow penetration depths. As Saager et al. [39] and Laughney et al. [40] noted at high spatial frequency the transport coefficient dominates these type of measurement and probing depths of less than 1 mm can be achieved for the visible-light range. The sinusoidal patterns were generated in Matlab and then transferred to the DLP system through a display mirroring approach.
Blood perfusion measurement was also conducted with a LDI system (Moor Instruments, Devon, UK). The system is non-contact and requires only a few seconds to generate a map of tissue perfusion in a relative unit of flux. The LDI data was processed with the accompanying Moor image-processing software (Moor Instruments, Devon, UK). To achieve better understanding of the pathophysiological changes seen in the experimental scar, the measurements obtained with the polarized multispectral imaging system were correlated with these perfusion data.
A reference suture was placed in each scar to aid in adjusting the imaging head of the multispectral system to recreate a consistent field of view from week to week. The field of view of the imaging head is a disc with approximate diameter of 25 mm. At every experimental time point, sets of control images from uninjured tissue were also collected with both the multispectral imaging and LDI systems. Considering reference points on the images, the mean and standard deviation of each chromophore were calculated for scars and uninjured skin at different time points from the same region of interest (approximately 8 mm x 8 mm). Statistical analysis of the LDI data was also conducted on the same region of interest considered for SFDI.
An image of the complete system in the animal surgical suite is shown in Fig. 4 . 
System calibration
The calibration of the imaging arm (Spectro-polarimeter) was performed by following a method that involved generating a set of known Stokes vectors and computing a data reduction matrix [41] . Figure 5 shows the calibration experimental set up. Thirty-six by six individual measurements were performed: 18 × 6 measurements before configuration, and 18 × 6 measurements after configuration. For each configuration, a computer-controlled rotary polarizer (Thorlabs, Newton, NJ) was placed in the illumination arm. This polarizer was tasked to rotate between 0 and 180 degrees, with steps of 10 degrees after each measurement. Retardation of each LCR was changed by feeding a set of six control voltages using LCR controller. Therefore, six individual readings were recorded by the CCD camera at each state of polarization of the incident beam. A diffuser (D 1 in Fig. 5 ) was placed before the camera lens (l 2 in Fig. 5 ) to create a uniform spot of light on the CCD array. The average of each image was calculated. By applying this calibration technique, a data reduction matrix, W, was reconstructed for each wavelength.
For each illumination tube the polarizer was set to 45 degrees from the incident plane formed by the tube and the sample [42] . A set of gold roughness samples was used to align these polarizers precisely. The principal angle of the polarization was calculated using the Stokes images captured from each gold standard at different azimuth angles. The data was also modeled using a facet scattering model from SCATMESH/MIST library (NIST, USA). A detailed explanation of the model is offered here [43] but briefly, the model treats a rough object as a combination of random surface facets and a depolarizing scattering volume beneath the surface. The facet scattering model requires input parameters such as refractive index of the sample, polarization state of the incident light, wavelength, and the incident and scattered polar angles. The position of each illumination polarizer was adjusted until the best fit between the measurement and the model prediction was obtained.
Several phantom studies were completed to evaluate the efficacy of the SFDI module. The SFDI was tested using both absorbing and scattering flat polyurethane phantoms with known optical properties. Reduced scattering coefficient and absorption coefficient of phantoms were adjusted using Titanium dioxide and India ink respectively. A set of standard phantoms with different optical properties, some of them close to the μ a and μ s ' of the experimental tissues, were selected. Results of the SFDI measurements were compared with the results done with an integrating sphere and Inverse Adding Doubling (IAD) [44] .
Porcine model of human hypertrophic scar
A reproducible wound is paramount in the development of a model for the study of scar physiology. Considerable effort was dedicated to the development of a reliable wound yielding consistent and reproducible scar in this porcine model.
Controversy exists regarding the optimal model for the study of hypertrophic scar [45] . To study solely human tissues, the most ideal, is impractical due to uncontrollable factors such as timing from injury, depth of injury, and body location, especially in this preliminary work. Advantages of the use of a red Duroc pig include a relatively large size (adults can grow to 200kg) allowing for larger wounds and a flatter surface area than smaller mammals commonly used in scientific research like guinea pigs, rabbits, or rats. More importantly, it is well-documented that the skin of the Duroc pig exhibits similarities to humans in wound healing and scar formation on a molecular, cellular, and gross level [46] [47] [48] [49] [50] .
To create hypertrophic scars, two excisional 100 mm by 100 mm full thickness wounds were created on the flanks of the animal with an electric dermatome (Zimmer Inc., Warsaw, IN) at a total dermatome depth of 2.3 mm, as previously described [51] (Fig. 6 ). Every 7 days, the animal was anesthetized and wounds were evaluated by an experienced clinician in the operating room. Wounds were photographed, biopsied, and laser Dopplerimaged at each trip to the operating room, as detailed in Table 2 , with weekly observations and imaging continuing for a total of 19 weeks. The wounds began reepithelialization from their edges and were completely closed between weeks 5 to 6. After reepithelialization had occurred, the VSS was incorporated into weekly examinations to subjectively assess healed wounds and their developing scars and the multispectral imaging process was initiated. On day 70, two weeks of compression therapy was begun, delivering 30mmHg of pressure to the experimental scars. A set of data obtained from one animal is shown in this report. The results of compression therapy are not presented in this paper. Continuing gross assessment and multispectral imaging
Results and discussion
Calibration
The data reduction matrix, W, was achieved by applying the spectro-polarimeter's calibration procedure. Stokes parameters for a set of 38 incident polarized light with known states of polarization were calculated as S 4 × 36 = W 4 × 6 . I 6 × 36 , where I is the intensity matrix of the images, was captured by the CCD camera. Figure 7 shows the residual Stokes parameters (the Stokes measurement errors) obtained with the calibration technique at two wavelengths; λ = 525 and 632 nm. The RMS of residues are 0.029 for λ = 525 nm and 0.019 for λ = 632 nm. Five gold phantoms with different levels of roughness were imaged and the Stokes images at λ = 632 nm were formed for the nine illumination tubes. The mean value of the principle angle of the polarization ellipse, η, was calculated at each azimuth angle. With precise alignment of the state of polarization of each illumination tube, agreement between the model and the experimental results was achieved for all illumination angles (Fig. 8) . Table 3 shows the RMS error between the experimental value of η and the facet model prediction for each phantom. The total average RMS error was measured as 2.85 degrees. Fig. 8 . The principal angle of polarization of gold samples for λ = 632 nm illumination from each of the tubes located at a different azimuth angles. There is a good agreement between measurements and the facet scattering model. Figure 9 shows the calibration results of SFDI module for nine standard polyurethane phantoms at λ = 632 nm. Results showed an average error of 8.00% and 5.63% for the absorption coefficient and reduced scattering coefficient, respectively (average error < 10%). Figure 10 shows the optical properties of a single polyurethane phantom measured with the SFDI and IAD at 11 different wavelengths, λ = 455, 500, 510, 515, 529, 545, 556, 570, 584, 632, and 650 nm. The average error is 5.04% and 3.83% for absorption coefficient and reduced scattering coefficient, respectively. 
Spatial frequency domain imaging
To study the differences of tissue chromophores between the scars and normal tissue, maps of the optical properties of each scar were first reconstructed by applying the SFDI algorithm. The volume fraction map of hemoglobin content (Hb) and oxygenation (SO 2 ) of a portion of a representative scar, as well as its digital photograph and perfusion map, are shown in Fig. 11 . (2) for two hypertrophic scars as well as uninjured control skin over time. Large changes in the blood content of each scar were seen between days 49 and 70 after wounding. This was expected for the fibroproliferative and reepithelialization phase of the wound healing. After reepithelialization was complete, wounds showed a trend toward decreased hemoglobin content. A decrease in blood hemoglobin content may have contributed to the wounds being less red. These findings were in agreement with the clinicians observation based on the VSS analysis, which is illustrated in Fig. 12(C) . The VSS gross assessment showed that wounds went from red to pink in the surrounding time period of fibroproliferative and reepithelialization phase. The perfusion measurements obtained from LDI conducted in parallel with multispectral imaging are shown in Fig. 12(B) . According to the results obtained from the SFDI and LDI techniques, the scarred tissue showed relatively higher level of static and dynamic blood content compared to uninjured skin. This is in agreement with clinician assessment of these scars as erythematous compared to the uninjured skin.
The metabolic activity of hypertrophic scar has been theorized to be higher than that of uninjured skin due in part to its active synthesis of collagen fibers [2] . This has been associated with a higher oxygen consumption rate as well [52, 53] . Indeed, results from this study showed that the blood oxygenation (S in Eq. (2) of hypertrophic scars was 41 ± 2.3% on average, compared to 50 ± 2.3% in uninjured skin. Results of water content (W in Eq. (2) measurements using SFDI are presented in Fig. 13 . This illustrates higher level of water content in scars (average W is 0.0013 for both right and left scars) compared to uninjured skin (average W is 0.0009). Scarring with abnormal pigmentation is a significant and disturbing outcome after thermal and other traumatic skin injuries [54] . Figure 14 shows melanin content (M in Eq. (2) maps of hypo-and hyper-pigmented regions of a scar at two points in time; 70 and 126 days after wounding. These maps illustrate that hyper-pigmentation continued to increase in area and intensity. This specific scar showed the development of an island of hyper-pigmentation surrounded by hypo-pigmented skin. Figure 15 (A) shows the trend in melanin concentration at several time points for both hyper-and hypo-pigmented regions of this scar. The baseline shows the average values of melanin content expected in normal uninjured skin. Scars were also detected and graded based on the VSS protocol (0 = normal, 1 = hypo-pigmentation, 2 = mixed-pigmentation, 3 = hyper-pigmentation). The pigmentation score on the VSS is the same for both scars at all time points; 2 = mixed-pigmentation ( Fig. 15(B) ). The scars are assessed as a whole in this system. Another advantage to using the proposed imaging system is that hyper-and hypo-pigmented scar samples can be examined separately, as shown below. Histological examination of punch biopsies taken from areas of hyper-and hypopigmentation and uninjured tissue were also performed. Consistent with the SFDI imaging, there is a clear increase in the amount of melanin staining of hyper-pigmented scar as compared to both the uninjured skin and the hypo-pigmented scar [55] . Hypertrophic scar formation usually results in a thickened skin with increased cellularity [28, 29] , which was also observed clinically in the scars under study in these experiments. Reduced scattering maps resulting from the SFDI technique revealed information relating to the scattering strength of tissue particles, potentially correlating with cell nuclei. Compared to uninjured skin, increased value of the reduced scattering coefficient of hypertrophic scar was seen, specifically at shorter wavelengths, where dominating Mie scattering from cylindrical collagen fibers is minimized, showed higher volume of cellularity which relevant histological reports are also noted in previous work. Figure 16 illustrates two maps of reduced scattering coefficient for normal skin (Fig. 16, left) and a representative scar ( Fig. 16, right) at λ = 455 nm. Figure 17 shows the reduced scattering values versus time for scar and uninjured skin at λ = 455 nm. 
Out-of-plane Stokes polarimetry
The texture and roughness of the surface of a scar is clinically relevant for patient comfort and cosmesis. To investigate changes in scar roughness, Stokes images were reconstructed from the spectro-polarimetric imaging data at λ = 525 nm and the deviation from the normal roughness, described as the polarized portion of the reflected beam, was obtained with the out-of-plane polarimetric imaging. Figure 18 shows a set of Stokes intensity images at two different time points during the course of the study. The principal angle of polarization, η, of targeted tissue was calculated from the Stokes images. Results for η at various time points are presented in Fig. 19 and compared with the facet analytical model. Analysis of the scars showed a tendency of the η to approach the rough surface facet model prediction as the scars matured. 
Conclusion
The multispectral imaging system was designed to evaluate quantifiable attributes hypertrophic scar quality and development. Results based on phantoms and some in vivo samples using a porcine model of human hypertrophic scar showed that the imaging system could provide information about the structural and functional properties of hypertrophic scars, which in many cases correlated with clinical observations. Vascularity, pigmentation, water content, and cellularity of examined scars were estimated with SFDI and showed clinical correlations by gross and histologic examination. This new imaging system has several advantages compared to current methodologies. It is non-contact and non-invasive, and thus can be used at any stage in wound healing without causing discomfort or additional injury to the patient. Pigmentation, hemoglobin, water and polarization assessments are co-registered and are based on imaging rather than point measurements, allowing for more meaningful interpretation of data. Furthermore new metrics such as localized pigmentation versus the current VSS interpretation of global scar color may be more relevant when assessing a scar as we have shown in Fig. 15 . For this particular scar the clinician interpretation of VSS remained at 2 (mixed pigmentation) while with our methodology we were able to show that specific areas of the wound became hyper-pigmented over time. Water content remained elevated in both scars compare to normal non-injured skin. This finding agrees with previous studies on hypertrophic scars using OCT [56] . An increase in hypertrophic scars' water content may be attributed to increased concentrations of glycosaminoglycan sugar chains in the extracellular matrix, which notably attract water [57] . Our method of measuring roughness utilizes polarimetric techniques and specifically the principal angle of polarization. This metric is independent from optical properties, as we have previously demonstrated [31] , and for this reason particularly suited to this environment.
We acknowledge that using SFDI within an animal model framework has its limitations. Although the animals imaged were sedated respiratory movement and other motion impacted the measures at times, when possible the measurement was repeated to obtain more reliable data. Furthermore as Bodenschatz et al. have pointed out Height Adjustment Errors [58] may arise when the distance between camera and sample changes, as it could occur in deep wound studies. This error leads to an underestimation of the absorption coefficient and increase in scattering coefficient and may explain some of the variability in our data.
Ultimately, this device, taken together with these results, may lead to a complementary, noninvasive technique for scar evaluation to pair with the subjective evaluation of experienced clinicians. Ideally, hypertrophic scar may be detected earlier in development allowing for earlier therapeutic intervention [59] . To truly generalize the findings presented here, further studies on an increased sample size are necessary to support and confirm these preliminary data.
